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Abstract 

Pressure  loss  in  a  PX-3A  alkali  metal  thermo-electric  converter  (AMTEC)  cell  was  investigated  by  varying  the  heat  radiation  between  the 
beta  alumina  solid  electrolyte  (BASE)  and  the  condenser.  Chevron  radiation  shields  were  used  to  change  the  heat  radiation  between  the 
BASE  and  the  condenser  in  different  numbers  and  at  different  angles.  Results  show  that  the  pressure  losses  and  also  the  pressure  on  the 
cathode  side  increase  using  chevron  shields.  The  cell  electrical  power  output  and  the  cell  efficiency  decrease  as  the  pressure  on  the  cathode 
side  increases  when  chevron  shields  are  placed.  The  power  output  and  efficiency  increase  as  the  chevron  angle  increases  up  to  a  certain 
limit.  ©  2001  Elsevier  Science  B.Y.  All  rights  reserved. 
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1.  Introduction 

The  alkali  metal  thermo-electric  converter  (AMTEC)  is 
receiving  increasing  attention  as  a  direct  energy  conversion 
device  for  high  efficiency  and  high  power  density  [1-28].  It 
has  high  conversion  efficiency  compared  to  the  other  ther¬ 
moelectric  energy  converters.  It  can  provide  efficiency  close 
to  the  theoretical  Carnot  efficiency  at  relatively  low  tem¬ 
peratures.  However,  efficiencies  for  AMTEC  currently 
achieved  are  limited  to  15-20%.  The  high  efficiency  and 
high  power  density  of  AMTEC  at  relatively  high  heat- 
rejection  temperatures,  around  600  K,  and  low  heat  source 
temperatures,  below  1200  K,  make  it  an  attractive  option  for 
space  missions,  air  force  applications  and  many  terrestrial 
purposes.  In  the  space  exploration  field,  the  planetary 
exploration  missions  have  so  far  used  thermoelectric  energy 
conversion  devices  which  have  relatively  low  conversion 
efficiency  (~5— 7%)  compared  to  AMTEC.  Accordingly, 
those  missions  required  a  larger  and  heavier  general  purpose 
heat  source  (GPHS).  AMTEC  being  four  to  six  times  more 
efficient  [5]  would  require  less  amount  of  plutonium  for 
GPHS,  thus  reducing  the  power  system’s  mass  by  about 
60%.  It  is  expected  that  the  continued  interest  in  AMTEC 
cells  will  improve  their  efficiency,  power  density  and  reduce 
their  time-dependent  degradation. 
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The  Air  Force  Research  Laboratory  (AFRL)  has  been 
operating  AMTEC  as  test  cells  in  a  vacuum  environment 
since  1997.  They  are  being  manufactured  by  Advanced 
Modular  Power  Systems  Inc.  (AMPS)  with  design  input 
from  Orbital  Sciences  Corporation  (OSC),  Nichols  Research 
Corporation  (NRC)  and  AFRL.  These  tests  are  performed 
in  a  prototypical  environment  to  evaluate  design  modifica¬ 
tions,  identify  performance,  and  establish  an  endurance 
data-base. 

Typical  AMTEC  cells  operate  in  three  sodium  vapor  flow 
regimes,  continuum,  slip,  and  free  molecular.  Dushman  [29] 
categorized  the  flow  of  gases  into  three  regions  and  showed 
that  it  depends  on  the  dimensionless  Knudsen  number  Kn , 
the  ratio  of  the  mean  free  path  to  characteristic  length.  The 
three  aforementioned  regimes  are  arbitrarily  determined  as 
follows: 

1.  Continuum  (viscous):  Kn  <  0.01. 

2.  Slip  (transition):  0.01  <  Kn  <  1. 

3.  Free  molecular  (molecular):  Kn>  1. 

Because  of  the  complexity  of  the  cell  geometry  and  of 
these  flow  regimes,  there  were  only  limited  studies  to 
calculate  vapor  pressure  losses  [30-34]. 

In  the  present  study,  the  pressure  losses  on  the  cathode 
side  of  a  multitube  vapor-anode  AMTEC  cell  are  calculated 
using  the  model,  in  which  the  flow  coefficients  in  the  free- 
molecular  regime  were  calculated  using  the  Dushman  [29] 
formulas. 
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Nomenclature 

Ak  effective  annulus  flow  area  (m  ) 

D  flow  diffusion  coefficient  (m  /s) 

De  equivalent  hydraulic  diameter  (m) 

L  effective  flow  path  through  chevrons  (m) 

M  molecular  weight  of  sodium  (M  =  23  g/mol) 

mz  sodium  vapor  mass  flow  rate  (kg/s) 

m  sodium  vapor  mass  flux  (kg/m  s) 

Pout  electrical  energy  generated  by  the  cell  (W) 
Rg  perfect  gas  constant  (8.314  J/mol  K) 

T  temperature  (K) 

v  distance  from  condenser  (m) 

z  axial  coordinate  (m) 

Greek  letters 

0,2  coefficient  for  advection  of  axial  momentum 

X  flow  conductance  of  chevron  shield  (m  /s) 

fi  absolute  viscosity  of  sodium  vapor  (kg/m  s) 

9  angle  of  conical  chevrons 

Q 

p  density  of  sodium  vapor  (kg/m  ) 


Those  in  the  continuum  regime  were  determined  using  an 
exact  analytical  solution  (when  available)  or  the  equivalent 
hydraulic  diameter  approximation.  The  dusty-gas-model 
(DGM)  was  used  to  calculate  the  flow  diffusion  coefficients 
for  all  vapor  pressures  and  flow  regimes  (free-molecular, 
transition,  and  continuum).  The  present  vapor  pressure  loss 


model  was  coupled  to  a  one-dimensional  AMTEC  electrical 
model,  which  allows  the  current  density  to  vary  axially  along 
the  beta  alumina  solid  electrolyte  (BASE)  tubes.  The 
coupled  cell  model  is  used  to  calculate  the  pressure  losses 
on  the  cathode  side  of  the  multitube  AMTEC  cell,  and 
estimates  the  effect  of  conical  chevrons  shield  on  the  vapor 
pressure  losses.  The  purpose  is  to  investigate  the  effect  of  the 
cathode  pressure  on  the  power  output  and  the  efficiency  of 
the  cell. 

2.  AMTEC  PX-3A  cell 

A  brief  design  description  of  the  AMTEC  cell  and  its 
working  is  given  here.  Fig.  1  shows  a  typical  PX  type 
AMTEC  cell.  Our  investigations  are  directed  to  the  PX- 
3A  type  cell  which  contains  five  BASE  tubes  in  series  and 
operates  in  a  vapor-vapor  mode,  which  means  that  sodium  is 
in  the  vapor  state  on  both  the  low  and  high  pressure  sides  of 
the  BASE.  Liquid  sodium  is  wicked  from  the  condenser  and 
evaporated  to  the  vapor  at  the  evaporator  in  the  space  also 
shared  by  the  high  pressure  side  (inside)  of  the  BASE  tubes. 
The  BASE  tubes  have  two  thin,  porous  electrodes  of  TiN, 
anode  and  cathode,  on  the  inner  and  outer  surfaces,  respec¬ 
tively.  The  inner  and  outer  electrodes  are  each  contacted  by  a 
current  collector  which  collects  electrons  at  the  anode  (high 
pressure  side  of  the  BASE),  conducts  them  through  an 
external  load,  and  supplies  them  for  recombination  with 
the  sodium  ions  at  the  cathode  (low  pressure  side  of  the 


^ext 


Fig.  1.  A  schematic  diagram  of  vapor-anode  AMTEC  cell. 
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Table  1 


Design  parameters  of  the  PX-3A  cell 


Cell  diameter  (mm) 

31.75 

Cell  height  (mm) 

101.6 

Evaporator  type 

Deep  cone 

Evaporator  elevation  (mm) 

5.18 

Evaporator  standoff  thickness  (mm) 

0.71 

Evaporator  standoff  material 

SS 

Standoff  rings  (mm) 

1.1 

Ring  material 

Ni 

Stud  area  (mm2) 

38 

Stud  material 

SS 

Number  of  BASE  tubes 

5 

Tube  length  (mm) 

32 

Electrode/tube  (mm2) 

600 

Tube  braze  material 

TiNi 

Current  collector 

60-mesh  Mo 

Feedthrough  braze 

TiCuNi 

Radiation  shield  type 

Circular 

Shield  material 

SS 

Condenser  type 

Creare 

Hot  side 

SS 

Cell  wall 

SS 

Initial  test  date 

7/9/97 

Operation  (h) 

18,000 

BASE).  The  heat  is  supplied  through  the  hot  plate  and  the 
cell  is  operated  in  vacuum.  The  material  and  geometrical 
dimensions  of  this  cell  are  given  in  Table  1. 


3.  Pressure  losses  on  cathode  side 


In  this  study,  the  pressure  drop  along  the  BASE  tubes, 
pressure  loss  due  to  sudden  expansion  at  the  top  of  the  BASE 
tubes,  pressure  loss  in  annulus  above  the  BASE  tubes,  and 
pressure  loss  due  to  vapor  flow  through  chevrons  shield  are 
investigated.  The  sodium  flow  rate  along  the  BASE  tube  is 
not  constant.  It  increases  because  of  continuous  sodium 
addition  at  the  BASE  tubes  outer  surfaces.  The  sodium 
vapor  pressure  gradient  along  the  BASE  tubes,  in  the  axial 
direction,  is  given  by  [34] 


d  P 
d  z 


1  +  ot2(m,'2/P){(l/T)(dT/dz)  +  (2  /  m")  (dm''  /  dz)} 
1  -  (x2(RgT/M)(m"/P)2 


X 


M  D 


(1) 


where  D  is  the  diffusion  coefficient,  Rg  the  perfect  gas 
constant,  M  the  molecular  weight  of  sodium,  T  the  tem¬ 
perature  of  sodium  vapor,  ot2  the  coefficient  for  advection  of 
axial  momentum,  and  where  m"  is  the  sodium  vapor  axial 
mass  flux.  This  equation  is  integrated  numerically  to  obtain 
the  sodium  vapor  pressure  along  the  BASE  tubes. 

The  pressure  drop  due  to  sudden  expansion  at  the  top  of 
the  BASE  tubes  is  calculated  from  [35] 


A  P 


(2) 


where  K  is  a  dimensionless  quantity  calculated  from  the 
resistance  coefficient,  £,  and  Reynolds  number  given  by 


K=£ 


K  = 


li 


// 


DQntz 


Re 

where  the  Reynolds  number  Re  is  given  by 
pDeV 


Re 


ju 


(3) 

(4) 

(5) 


where  De  is  the  equivalent  hydraulic  diameter.  The  resis¬ 
tance  coefficient  £  is  given  as  a  function  of  expansion  area 
ratio  [35],  fi  is  the  absolute  viscosity  and  p  is  the  density  of 
sodium  vapor. 

The  sodium  vapor  pressure  gradient  in  the  annulus  above 
the  BASE  tubes  is  given  similar  to  the  sodium  vapor  pressure 
gradient  along  the  BASE  tubes.  Because  of  constant  sodium 
flow  rate  in  this  region,  Eq.  (1)  becomes 

d p  =  i  +  a2(<2/p){(i/r)(dr/dz)}flgr< 
dz  1  —  a2{RgT /M)(m" /P)2  M  D 


This  equation  is  integrated  numerically  to  obtain  the  sodium 
vapor  pressure  in  the  annulus  above  the  BASE  tubes. 

When  N  number  of  conical  chevrons  are  used  in  the 
chevron  shield,  there  are  N  —  1  conical  flow  passages 
between  the  chevrons.  The  expression  for  pressure  loss 
through  the  chevrons  is  given  as  [34] 


where  /  = 


TV—  1 


E 


AkDk 

L 


(V) 


where  mz  is  the  sodium  vapor  axial  mass  flow  rate,  L  the 
effective  flow  path  through  the  chevrons,  Ak  the  effective 
annulus  flow  area,  and  where  Dk  is  the  flow  coefficient  for 
the  flow  in  the  annulus. 


4.  Results  and  discussion 

The  multitube,  vapor-anode  AMTEC  cell  analyzed  here 
has  a  hot  plate  kept  at  a  temperature  of  1173  K,  and  a 
condenser  at  a  temperature  of  623  K.  This  cell  contains  a 
radiation  shield,  laid  against  the  cell  wall  above  the  BASE 
tubes,  to  reduce  parasitic  heat  losses  through  the  cell  wall. 
The  temperature-independent  exchange  current  and  contact 
resistance  between  current  collector  and  electrode  were 
taken  to  be  120  A  K1/2/Pa  m2  and  0.08  Q  cm2,  respectively 
[36].  When  the  external  load  resistance,  Rioad  =  1  Q,  it 
almost  gives  the  maximum  electrical  power  output.  Addi¬ 
tional  to  radiation  shield,  a  chevron  radiation  shield  system 
consisting  of  different  numbers  of  chevrons  at  different 
angles  has  been  considered  above  the  BASE  tubes  and 
analyzed  for  the  sodium  vapor  pressure,  and  thus,  the  power 
output  and  efficiency. 
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0  2  4  6  8  10 

Distance  from  Condenser  (cm) 


Fig.  2.  Sodium  vapor  pressure  on  the  cathode  side  of 

Fig.  2  shows  the  calculated  sodium  vapor  pressure  on  the 
cathode  side  of  the  AMTEC  cell  for  different  numbers  of 
chevrons.  When  any  number  of  chevrons  are  used,  the 
cathode- side  pressure  of  sodium  vapor  increases  by  almost 


multitube  AMTEC  cell  ( 6  =  45°,  clearance  =  15  mm). 

10  Pa  compared  to  the  situation  with  no  chevron.  This 
pressure  increases  with  increasing  chevron  numbers.  The 
sodium  flow  rate  depends  slightly  on  chevron  numbers  as 
seen  in  Fig.  3.  The  sodium  flow  rates  for  different  numbers 


Fig.  3.  Sodium  flow  rate  ( 0  =  45°,  clearance  =  15  mm). 
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Fig.  4.  Effects  of  chevron  numbers  on  cell  electrical  power  output  ( 9  =  45°,  clearance  =  15  mm). 


of  chevrons  are  almost  the  same,  but  are  about  1.5%  less  than 
the  situation  of  no  chevron.  The  effects  of  the  chevron 
numbers  on  the  cell  electrical  power  output  and  cell  con¬ 
version  efficiency  are  illustrated  in  Figs.  4  and  5,  respec¬ 


tively.  For  cell  efficiency,  the  effect  of  the  chevrons  on  the 
heat  radiation  between  BASE  and  condenser  is  neglected. 
Computer  simulation  of  the  AMTEC  cell  shows  that  the  heat 
loss  to  the  condenser  due  to  the  heat  radiation  from  the 


Fig.  5.  Effects  of  chevron  numbers  on  cell  efficiency  ( 0  =  45°,  clearance  =15  mm). 
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Distance  from  Condenser  (cm) 


Fig.  6.  Sodium  vapor  pressure  on  the  cathode  side  of  a  multitube  AMTEC  cell  (five  chevrons,  clearance  =  15  mm). 


BASE  to  the  condenser  is  smaller  than  the  other  heat  losses 
[37,38].  The  cell  gives  smaller  electrical  power  output  and 
conversion  efficiency  when  the  chevron  heat  shield  is 
placed. 


The  effects  of  the  chevron  angle  on  the  sodium  vapor 
pressure  using  five  chevrons  are  given  in  Fig.  6.  Small 
chevron  angles  give  a  larger  pressure  drop  for  the  flow 
through  chevrons.  The  pressure  drop  first  decreases  with 


Distance  from  Condenser  (cm) 


Fig.  7.  Sodium  flow  rate  (five  chevrons,  clearance  =  15  mm). 
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Fig.  8.  Effects  of  chevron  angles  on  cell  electrical  power  output  (five  chevrons,  clearance  =  15  mm). 


increasing  chevron  angle,  but  after  60°,  it  starts  increasing. 
Sodium  flow  rate  shows  a  trend  similar  to  the  one  shown  by 
the  sodium  vapor  pressure  (pressure  drop  through  chevrons) 
with  changing  chevron  angle  (see  Fig.  7).  The  cell  electrical 


power  output  and  cell  conversion  efficiency  depend  on 
chevron  angle  as  shown  in  Figs.  8  and  9.  In  these  cases 
also,  the  larger  values  are  for  no  chevron.  At  smaller  chevron 
angle,  the  cell  electrical  power  output  and  cell  conversion 


Fig.  9.  Effects  of  chevron  angles  on  cell  efficiency  (five  chevrons,  clearance  =  15  mm). 
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Distance  from  Condenser  (cm) 

Fig.  10.  Sodium  vapor  pressure  on  the  cathode  side  of  a  multitube  AMTEC  cell  (five  chevrons,  0  =  45°). 


efficiency  are  smaller.  The  cell  electrical  power  output  and 
efficiency  increase  with  increasing  chevron  angle,  and  start 
decreasing  after  60°  following  the  opposite  trend  of  the 
pressure  drop. 


Fig.  10  shows  the  effects  of  the  clearance  between  the  top 
of  the  chevron  shield  and  the  condenser  on  sodium  vapor 
pressure.  Pressure  losses  through  chevrons  increase  with 
increasing  clearance,  because  the  vapor  temperature 


Distance  from  Condenser  (cm) 


Fig.  11.  Sodium  flow  rate  (five  chevrons,  0  =  45°). 
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Fig.  12.  Effects  of  clearance  between  condenser  and  chevrons  shield  on  the  cell  electrical  power  output  (five  chevrons,  6 


45°). 


Fig.  13.  Effects  of  clearance  between  condenser  and  chevrons  shield  on  the  cell  efficiency  (five  chevrons,  6  =  45°). 


increases  when  the  chevron  shield  gets  closer  to  the  BASE 
tubes.  The  effects  of  the  clearance  between  the  top  of  the 
chevron  shield  and  the  condenser  on  sodium  flow  rate,  cell 
electrical  power  output,  and  cell  efficiency  are  not  notice¬ 
able  (Figs.  11-13). 


5.  Conclusion 

The  results  show  that  the  sodium  vapor  pressure  on  the 
cathode  side  increases  by  almost  31%  when  a  chevron  shield 
system  (five  chevrons,  a  chevron  angle  of  45°,  and  a  shield 
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clearance  of  15  mm)  is  used.  However,  the  changes  in 
sodium  flow  rate,  cell  electrical  power,  and  cell  conversion 
efficiency  are  small.  The  cell  electrical  power  output 
decreases  only  by  about  3%  as  the  cathode  pressure 
increases  to  31%.  The  motivation  for  placing  some  heat 
shield  was  to  reduce  the  radiation  losses  which  could  allow 
better  efficiency  and  power  output.  The  introduction  of  heat 
shields  caused  the  cathode  pressure  to  increase  which 
impeded  the  ion  flow  rate,  thus  affecting  the  power  output 
somewhat  adversely.  It  is  therefore  best  not  to  introduce  any 
chevron  heat  shield  with  the  present  design  of  AMTEC  PX- 
3A  version. 
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